Certain plant species have the ability to grow in trace element-polluted soils without 11
extractable trace element concentrations in soils were determined using a 1:10 w:v ratio, 1 after shaking for three h (Houba et al., 2000) . Pseudo-total trace element concentrations 2 were determined by microwave (Microwave Laboratory Station Mileston ETHOS 900, 3
Milestone s.r.l., Sorisole, Italy) assisted aqua regia digestion on the fraction < 60 μm 4 fraction. Quantification of elements in the extracts was achieved using a Varian ICP 5
720-ES (simultaneous ICP-OES with axially viewed plasma). Total organic carbon 6
(TOC) in soil was analysed by dichromate oxidation and titration with ferrous 7 ammonium sulphate (Walkley and Black, 1934) . Water-soluble carbon (WSC) content 8 was determined on using a TOC-VE Shimadzu analyser after extraction with water 9 using a sample-to-extractant ratio of 1: 10. 10 Kjeldahl N (N-Kjel) of soil was determined after digesting the soil samples by the 11 method described by Hesse (1971) . Extractable NH 4 -N + in soil was determined by 12 shaking a fresh sub-sample (2.5 g on an oven-dry basis) in 25 mL of 1 M KCl for 1 h. 13
Extractable NO 3 -N -in soil was determined by shaking a fresh sub-sample (5 g on an 14
oven-dry basis) in 25 mL of distilled water for 1 h. Determination of NH 4 -N + and NO 3 -15 N -in extracts were carried out in a Bran + Luebbe GmbH AA3 dual-channel, 16 continuous-flow auto-analyser (Norderstedt, Germany). 17
Soil characteristics 1
The pH values of CO and AZ soils were close to neutral or slightly alkaline, 2 whereas DO soil presented an acid pH (Table 2) . Control soil (CO) presented trace 3 element concentrations in the same order of magnitude of the background 4 concentrations of the soils of the area, whereas the total concentrations of contaminated 5 soils with regard to the contained trace elements were 5-fold higher for some elements 6 (Table 1) , and exceeded the current legislation limits for agricultural soils (Bowen, 7 1979) . Values are higher than the background values of the area before the accident 8 (Cabrera et al., 1999) . 9
Trace element concentrations extracted with 0.01 M CaCl 2 were lower in neutral 10 soils (CO and AZ) than in the acidic soil (DO), and significant negative correlations 11
were found between pH and all of the measured trace elements, except for Pb (Table 2) . 12
Values of pH in root soil (RS) and bulk soils in the last sampling (October 2011) 13 are shown in Table 2 . Generally, the pH in RS has always been higher than that 14 obtained in bulk soil, close to one unit for AZ and DO (Table 2 ). The pH values in all 15 RS samples were slightly alkaline. . 16
In this last sampling, available trace element concentrations extracted with 0.01 M 17 CaCl 2 for RS were similar to the corresponding bulk soil (Table 2) . Arsenic 18 concentrations were below the detection limit (As 0.1 mg kg -1 ). 19 20
Total soil carbon and nitrogen and biochemical properties 21
Total organic carbon (TOC) contents at different times of the experiment (0, 18 22 and 36 months) are shown in Table 3 . The lowest values of TOC corresponded to non-23 contaminated soil. Values of TOC in soils with plants were higher than those detected inbare soils (month 18 and 36) , showing the largest differences at the end of the 1 experimental period. 2
The presence of P. alba increased water soluble carbon (WSC) in all soils, 3 although significant differences were only found in some samplings of AZ and DO soils 4 (Figure 1 ). The time evolution of the WSC values was similar for all soils; constant 5 values until October 2010 were followed by an increase in the next sampling (April 6 2011). In the last sampling, values of WSC decreased, especially in AZ soils. In general, 7 the highest WSC values were observed for the AZ-P soil, reaching a maximum in April 8 2011 (221 mg kg -1 ), and the lowest in DO soils, with acidic pH values and higher trace 9 element contamination occurring in October 2011 (61.8 mg kg -1 ); however, the lowest 10 values were found for CO-P soil in the last sampling (74.3 mg kg -1 ). 11
Microbial biomass carbon (MBC) was positively affected by plant growth and the 12 highest concentrations were found in soils with poplars, except in DO soils where this 13 effect was only observed at some sampling times (Figure 2 ). In the neutral soils (CO 14 and AZ) higher mean values were presented compared with acid soil (DO). The highest 15 values were found for CO-P soil in the second sampling (533 mg kg -1 ) and the lowest 16 for DO soil in October 2011 (39.4 mg kg -1 ) (Figure 2 ). Clear seasonal trends were not 17 identified. In general, WSC was significantly correlated with microbial biomass carbon 18 (MBC) (r= 0.443; p<0.01) . 19
Values of β-glucosidase activity are shown in Figure 3 . For all cases, soils with 20 poplars reached higher values than soils without plants. In the case of bare soils, a trend 21 toward a decrease in time was observed. The highest β-glucosidase values were found 22 in AZ soil and showed the greatest difference between treatments with and without 23 poplars in all samplings. Moreover, in AZ-P soil, an increase was observed during April 24 of the parameters involved in the C cycle were positively correlated with pH values (r= 1 0.232 for WSC; p<0.05, r= 0.529 for MBC and r= 0.420 for β-glucosidase, respectively; 2 p<0.01), whereas no correlations were found with soluble trace elements, except for 3 negative correlations between MBC and Cd (r=-0.420; p<0.01) and between MBC and 4 β-glucosidase activity and Zn (r= -0.518 for MBC and r= -0.282 for β-glucosidase; 5 p<0.01). 6
For each soil, values of WSC and MBC were similar in RS to those found in the 7 rest of the rhizosphere soil (bulk soil) ( Table 4 ). In control soil (CO), values of β-8 glucosidase activity were higher in RS than in bulk soil, although significant differences 9
were not found. For both contaminated soils (AZ and DO), similar contents of β-10 glucosidase activity were obtained in RS and bulk soil (Table 4) . 11
Contents of Kjeldahl N fraction in the soils at the beginning of the experiment 12 were higher in contaminated soils (AZ and DO) than in control soils. These values (with 13 and without poplars) were similar throughout the studied period and, in general, were 14 slightly lower in bare soils (Table 3) . A slight increment was observed for acidic 15 contaminated soil (DO) for both treatments in the last sampling (1.35 g kg -1 for DO and 16 0.99 g kg -1 for DO-P), especially in bare soil. 17
In neutral soils (CO and AZ), values of NH 4 -N + ranged between 1.00 mg kg -1 and 18 8.00 mg kg -1 ; however, significant differences between the soils with or without poplars 19
were not found (Figure 4) . These values tended to decrease at the end of the study. Poplar presence also stimulated the soil protease activity, although differences 5 with unplanted soils were not significant due to the variability of the data ( Figure 5 ). 6
The maximum values of this activity were found at the end of the experiment in 7 contaminated soils with poplar (AZ-P and DO-P) reaching values of 120 mg kg -1 and 8 100 mg kg -1 respectively ( Figure 5 ). Higher protease activity was detected in soils 9 planted with poplar than in bare soils. Positive correlations between this activity and 10 some of the parameters related with the C cycle were found (r= 0.292 for β-gluc, r= 11 0.327 for MBC and r= 0.355 for TOC; p<0.01), whereas significant negative 12 correlations with Cd and Zn were observed (r= -0.229 for Cd and r= -0.284 for Zn; 13 p<0.01). 14 Protease values in the rhizosphere soils are shown in Table 4 . In the non-15 contaminated soil, this activity was higher in RS compared to bulk soil, although the 16 difference was not significant. However, in contaminated soils, similar values were 17 found in RS and bulk soils (Table 4) . 18 19
Evaluation of soil quality based on chemical and biochemical properties 20
For a general interpretation of all studied parameters referred in our samples, the 21 data were represented in sunray plots and the values of each parameter were 22 transformed to their corresponding standard scores in order to fit them into the graphsIn general, in non-contaminated soil (CO) (Figure 6a ), poplar presence did not 1 produce any significant change in chemical and biochemical properties during the 2 experiment. This was also proven by the calculation of the integrated area (IA) values of 3 Figure 6a , which are reported in Table 5 . Values of IA for CO without poplar soil were 4 very similar during the experiment (around 600 mm 2 ) whereas a strong reduction was 5 observed for the same soil with poplar (CO-P), from 1030 mm 2 to 463 mm 2 . In neutral 6 contaminated soils (AZ), poplar presence maintained chemical and biochemical 7
properties, whereas an important decrease (a reduction of the IA value from 826 to 289 8 mm 2 ) in soil quality was observed in bare soils ( Figure 6b and Table 5 ). 9
The effect of poplar development on the improvement of parameters related to soil 10 quality was even larger in acid contaminated soil (DO), in which the tree also produced 11 a strong increment of pH values ( Figure 6c ) and a decrease in trace element availability 12 ( Figure 7 ; Table 6 ). The increase in chemical and biochemical properties was also 13 proven by their IA values (Table 5) ; poplars were capable of duplicating this value, 14
passing from an initial area of 1051 mm 2 to a final area of 1812 mm 2 . 15 16
DISCUSSION 17
In our study, at the end of the experiment, TOC increased in soils planted with 18 poplar compared to bare soil (Table 4) 2003) have confirmed that root exudation is the main factor controlling microbial 14 activity and community structure in the rhizosphere. This is reflected in a raise in MBC 15 values in soils with poplar, especially in contaminated soils (AZ-P and DO-P). 16
Values of β-glucosidase activity in soils with poplar were significantly higher than 17 in bare soils, and the stimulation of various enzyme activities during the mineralisation 18 of root exudates has been reported (Renella et al., 2007) . In our study, the increase of β-19 glucosidase activity in trace element contaminated soils with plants might be related 20 either to enzyme release by the plant roots and to the enhanced microbial enzyme 21 synthesis in the rhizosphere (George et al., 2005 ). An increase of β-glucosidase activity 22 in re-vegetated trace element contaminated soils has been also reported by Pérez de 23 glucosidase activity were found, thus confirming the results obtained by Renella et al. 1 (2006) . 2 Poplar growth also influenced the measured parameters related to N turnover in 3 soil, thus confirming that N turnover is faster in planted than in bare soils (Clarholm, 4 1985) , and the lower values of mineral N in planted than in bare soils were likely due to or synergistic effects of different trace elements on soil microflora (Renella et al., 2003) . 23
The general presentation of the data in the sun-ray plots (Figure 6a ) confirmed the 24 low fertility of control soil; although it was not contaminated with trace elements, soilchemical and biochemical properties decreased over time. Poplar presence seems to 1 improve chemical and biochemical fertility of only contaminated soils (Figures 6b, c) , 2 with the greatest effects seen for the acidic contaminated soils (DO). These results 3 supported the hypothesis that soil microbial activity responds to a decrease of trace 4 element availability and to soil pH neutralisation and an increase of WSC in re-5 vegetated trace element contaminated soils (Mench et al., 2006; Perez de Mora et al., 6 2006) . 7
The fact that there were no relevant differences between the soil directly adhered 8 to the roots and that located close to the roots could be due to the semi-field conditions 9 of the experiment. Although several authors using Populus sp. under field conditions 10 (Cloutier- Hurteau et al., 2011; Gamalero et al., 2012 ) have found differences between 11 the soil directly adhered to the root and the rest of the soil surrounding the tree, under 12 container conditions, the development of the root system encompassed the entire soil 13 container by the end of the experiment. Therefore, the root system of the Populus alba 14 influenced all of the soil in the container. 15 Poplar plantation increased MBC, β-glucosidase and protease activities of trace 16 element contaminated soils likely through rhizodeposition, and aided in improving the 17 quality of the contaminated soils. The presence of a root system might prove important 18 for readily soluble C and N sources that influence the biochemical properties related to 19 C and N cycles. Indeed, the fresh input of nutrients, by litter decomposition and root 20 exudation, should stimulate microbial activity and accelerate the recovery process. 21
Moreover, biochemical properties seemed to be the appropriate indicators of the 22 available heavy metal fraction after in situ stabilisation of these metals with poplars. 23
Considering the complex role of the rhizosphere no relevant differences were 24 observed between the soils directly adhered to the roots and bulk soil. 
